The adsorption of the strong polyelectrolyte polystyrene sulfonate (PSS) to the air surface of dilute aqueous solutions was investigated as a function of molecular weight and salt concentration. Detailed segment profiles of the deuterated polymer were determined by neutron reflection.
Introduction
The adsorption of polyelectrolytes onto surfaces is important in many technologies.
The adsorption of polyelectrolytes onto colloid surfaces plays a central role in the stabilization of emulsions in food, photographic, paint, water purification, flotation separations, enhanced oil recovery, and pharmaceutical industries.l'z Adsorption of biological polyelectrolytes is important for understanding biochemical processes, and also for controlling fouling in biotechnological operations.3 From a fundamental point of view, it is interesting to investigate how the conformation of a polyelectrolyte is changed near an .
interface and the factors which control the conformation and the adsorbed amount.4
In this work we examine the adsorption of the strong polyelectrolyte polystyrene sulfonate (PSS) to the air surface of water. This system constitutes the unusual case of polyelectrolyte adsorption to a neutral surface with a Iarge surface attraction described by the surface "chemical" adsorption parameter %,. In general, surface attraction is determined by both electrostatic and chemical effects, and the combined effects are often described by an effective surface adsorption parameter~,eff.4For adsorption onto neutral solid surfaces, the surface attraction is determined by chemical effects alone (~,effs~,), and %, is typically small. However, we show below that the values of%, are in general much larger at the air surface of aqueous solutions.
The activity of neutral polymers at the air surface of liquids has been studied previously using surface tension measurements,5-7 X-ray evanescent wave induced fluorescence,8-*0 neutron reflectivity,l&13 surface light scattering,14'15 and ellipsometry. 16 Either adsorption or depletion can occur if the surface tension of the polymer is much lower or much higher, respectively, than that of the solvent. For aqueous solutions, thẽ .n.nle~/wale~)-(?&~O...z#r + adsorption energy per monomer is given by az (( Yajr/w=ter + x Ỹ onomerfiva,er)) where a is the length of a monomer,~are the interracial tensions and X is a Y factor greater than unity which depends upon the conformation of the polymer in the aqueous'subphase.
In general, the difference y=i,,W~,,,-y=i,,~OflO~,, is much larger than the difference in the corresponding interracial tensions at neutral solid substrates~U~,,,a,,,Wa,~,-,,h,,,d,,,~O~O~,,,. Thus, while hydrophobic portions of the polymer will increase~,o~On,,,,Wd,,, and contribute to the adsorption energy at either air or solid interfaces, the adsorption energy is typically greater at the air surface due to the low surface tension of organic polymers relative to the surface tension of water. We show below that the strong %, leads to important effects in the proximal region.
Fleer et al have recently reviewed the theoretical work involving adsorption of polyelectrolytes, and outline a number of regimes.4 The main variables are the monomer-
solvent interaction parameter~, the monomer-surface interaction parameter~,, the . molecular weight of the chains, the charge density on the adsorbing surface, the charge density on the chains, the polymer concentration, and the ionic strength or salt at low salt concentration the mutual repulsion between the charges on the chains inhibit loop formation. As a result of the flat conformation, the adsorbed amount does not depend upon molecular weight. With further increase in salt concentration, the chains become more flexible, more segments extend into the subphase, the adsorbed amount increases, and the molecular weight dependencies of the adsorbed amount and layer thickness increase. The predicted segment concentration profiles for high salt concentration are approximated by an exponential or power law decay from a maximum at the interface.
The effect of~, on the adsorption of strong polyelectrolytes has been addressed explicitly by Papenhuijezen, et al. 18 The main effect is a strong increase in adsorbed amount with~,.
For high x,, significant adsorption occurs even at very low salt concentration. The dependencies of adsorbed amount on salt concentration and molecular weight for high~, are comparable to those for low~,, although the molecular weight dependence of the adsorbed amount is slightly weaker for higher~,. Segment concentration profiles were not reported. Numerical SCF lattice calculations of the type .::.
describe~above have been performed for the adsorption of the milk proteins u, ,-and (3-casein to the air surface of water.20'21In this case detailed segment profiles were reported.
However, these proteins correspond to weak polyelectrolytes. Thus while the calculations are qualitatively informative in the context of the present system, they cannot be compared quantitatively to the present experimental data.
Previous experimental investigation of polyelectrolyte adsorption to the air surface of water has involved surface tension measurements,zz-z5 direct detection of adsorbed amounts using radioactive labelling,H-27 X-ray and neutron reflectivity,z8-31 and surface light scattering. These studies were all conducted at low salt concentration. Adsorbed amount and polymer conformations were inferred from decreases in surface tension.
Other experimental work has involved mainly weak polyelectrolytes. were added. In this process a yellowish white sticky mass was obtained. The product was washed with distilled water several times, dissolved in 300 ml of water, and then neutralized by adding sodium methoxide. Finally, the product was precipitated by adding excess NaCl and isolated by centrh%ge. The final product was washed with distilled water several times to remove excess salt and used without further purification. We refer to the second sample by the designation PSS 1150, which corresponds to the molecular weight in kg/mol excluding Na+ counter ions. The sulfonization level of both samples was roughly 90 % determined by 13C NMR. PSS56 was white, while PSS 1150 had a slightly yellowish tinge. For the reflectivity work, KC1 (99+ %, Aldrich) was used. For surface tension measurements performed subsequent to the reflectivity work, a higher grade of KC1 (99.999%, Aldrich) was used.
Methods.
For each solution, the d-PSS sample was dissolved in a H20/D20 mixture (v/v 0.843/0. 157) at dilute concentration (0.001 ghnl), and then the desired amount of KC1 was added.~fter mixing, the solutions were allowed to equilibrate for -6 hrs prior to use. The composition of the aqueous solvent was chosen to optimize the neutron scattering contrast while "maintaining a critical edge for total reflection. The neutron scattering length density (SLD) of the pure subphase was 0.530x10-6~-2, which corresponds to a critical edge for total reflection at qC=0.0052 A-l. Fresh solution was prepared for each reflectivity experiment. The solution was contained in a Teflon trough at room temperature. Roughly 20 minutes passed between the time the solution was poured into the trough and the beginning of data collection.
:::
The neutron reflectivity (NR) measurements were performed on the NG7 reflectometer at NIST. A fixed wavelength of 4.75~was used. The reflectivity data were analyzed by two methods. In method 1, the SLD profile was approximated with a series of 3 or 4 slabs of constant SLD. The interfaces between the slabs were smeared by dividing the interface region into many smaller slabs and using an error function to describe a smooth variation in SLD. The thickness and SLD of each primary slab and the interface widths between the primary slabs were adjustable parameters. The number of adjustable parameters ranged from 5 to 7. In method II, the SLD profile was approximated by dividing the entire profile into 2~thick slabs and varying the SLD according to various functional forms. The number of adjustable parameters was either 4 or 5 depending upon the functional form. In using the optical matrix least squares.
After collecting each case the reflectivity was calculated from the stack of slabs method.437u Best-fit profiles are determined by minimization of the reflectivity data, the surface tension was measured by the Wilhelmy plate technique using filter paper and a NIMA film balance. Additional surface tension measurements subsequent to the reflectivity work were performed in our lab with a sand-blasted platinum plate and a Q 11 force transducer from Hottinger Baldwin Measurements. For both samples, the profiles are found to consist of a high segment concentration immediately at the air surface followed by a second, more extended layer of much lower segment concentration. The layer of high segment concentration at the surface is due to the strong attraction of PSS to the air surface arising from the large value of Xi,&.,,,-yai,,~O.O~,,.
Results and
A surface layer of high segment concentration comparable to that reported here resulted from numerical SCF calculations modeling the adsorption of u,~-and~-casein at the air surface of water.20'22This was due to a strong attraction for the surface (large~,) assigned to the apolar segments of the protein.
In general a large~, will result from the low surface energy of organic monomers relative to water, and thus a thin layer of high segment concentration is expected to be a general feature of all organic water soluble polymers.
Bilayer profiles qualitatively similar to those in the present case were reported previously for gelatin31 and for polyethylene oxide at the air surface of water. '3>33These results support the universality of a surface layer of high segment concentration for organic-based polymers in an aqueous subphase. We note however, that such bilayer profiles are not limited to the air-water interface, as similar bilayer profiles have also been reported for Pcasein at the interface between water and self-assembled monolayer of octadecykrichlorosilane on silicon47 and for PSS adsorbed from aqueous solutions onto weakly charged PS latex particles by small angle neutron scattering.48 In these cases, hydroph~bic interactions or electrostatic interactions with the surface apparently also lead to fairly strong surface attraction.
Both analysis methods indicate that a distinct second layer is required in the segment concentration profiles. Profiles with a high segment concentration at the air surface that decay smoothly to a low bulk value do not give an acceptable fit to the data. This is shown in Figure 3a and Figure 3b for the PSS1150 sample, and in Figure 4a and Figure 4b for the PSS56 sample. Figure 3a shows the reflectivity data for a KCI concentration of 2.50 M along with best-fits using analysis method II. Two functional forms are shown. The first form consists of a single parabola with an exponential tail 6 where the derivative is constrained to vary smoothly from the parabola to the exponential.
The second functional form is the same as the first except that the derivative is not constrained to vary smoothly from the parabola to the exponential. The best-fit proilles are shown in Figure 3b . The smoothly decaying profile is clearly inadequate as indicated by the poor fit in Figure 3a . We note that a distinct second layer is also required for the PSS56 sample, although the functional form for the extended layer is quite differerit from that for the PSS1150 sample. Figure 4a shows the reflectivity data for a KC1 concentration of 2.50 M along with best-fits using analysis method II and i) a functional form consisting of the sum of two parabolas combined with an exponential tail, and ii) a form consisting of a single parabola with an exponential tail where the derivative was constrained to vary . ., -.
smoothly from the parabola to the exponential. The best-fit profiles are shown in Figure   4b . The smoothly decaying profile is again clearly inadequate as indicated by the poor fit in The effect of salt concentration on the thickness of the adsorbed layer is shown in Figure 6 . There are two competing effects of salt concentration on the thickness of the adsorbed layer. First, the adsorbed amount increases with salt concentration, which tends to increase the thickness of the adsorbed layer. However, salt also screens the interaction between charges on the chains and effectively decreases the solvent quality, which leads to decreased thickness. The latter effect has been examined in detail elsewhere for the present These two competing effects of increased adsorption and decreasing solvent quality explain the trend in thickness with salt concentration shown in Figure 6 . At lower salt concentration (< 1 M), the dominant effect on the thickness is the increase in adsorbed amount. As more chains adsorb to the surface with increasing salt concentration, more segments extend into the subphase liquid and the layer thickness increases.
Correspondingly, the molecular weight dependence of the layer thickness increases as well.
However, once the salt concentration exceeds 1.0 M, the thickness becomes more strongly affected by the decrease in solvent quality. For both samples, the thicknesses decreases above 1.0 M salt concentration, which is consistent with the fact that the solvent quality is intermediate between good and theta conditions. We note that the PSS chains are not collapsed at the surface at 2.50 M KC1, which is consistent with the fact that the solvent quality is still slightly better than theta at this salt concentration. Auroy et al 54 '55 report that a PSS end-grafted brush shrinks continuously but does not collapse, even at 5 M NaC1.
The present results for adsorbed amount and layer thickness are in good agreement with theoretical expectations. In the limit of low salt concentration, electrostatic effects are strong and the accumulation of charge density at the surface is unfavorable. However, for sufficiently high~, some degree of chain adsorption is still expected, and indeed this is observed in the present case. In the limit of high~, and low salt concentration, the chains are expected to lie fiat. Consequently, no dependence of thickness or adsorbed amount on molecular weight is predicted in that limit.4 While the data tend toward this limit, this limit is not attained over the ex~rimentally accessible range as a diffuse second layer is detected even at 0.137 M KC1. At still lower salt concentration, the reflectivity signal is too weak to detect tliepolymer conformation. Based on model calculations, submonolayer coverage of d-PSS segments lying flat on the surface is not detectable in this experiment. With increasing salt concentration, the charges are screened, the adsorbed amount increases, and more segments extend into the subphase. This leads to an increasing molecular weight dependence of the adsorbed amount with salt concentration}51 r52Whereas the trends of adsorbed amount and layer thickness on molecular weight and salt concentration are consistent with prediction, agreement is not obtained for the detailed shape of the profile.
In particular, the presence of the distinct second layer contrasts with the smoothly decaying 9 theoretical profiles from numerical SCF calculations for weak polyelectrolytes at high~,z ] "
or strong polyelectrolytes at low~,.4
The surface tension of each solution was measured following collection of the reflectivi~data. For both samples, little change (< 1 dyn/cm) in surface tension was detected over the entire range of salt concentration examined. This observation is similar to that reported for DNA in aqueous salt solutions by Frommer and Miller.x Subsequent to the reflectivity experiments, further surface tension measurements were performed in our laboratory for aqueous KC1 solutions of the PSS 1150 sample at 0.001 g/ml and also for pure aqueous KC1 solutions. These data, covering the range of KC1 concentration examined in the reflectivity experiments, are plotted in Figure 7 . This plot shows the very small change in surface tension that occurs with increasing salt concentration. In addition, it shows that the surface tension of a pure salt solution increases substantially with KC1
concentration. The latter effect is well known, however its origin has not yet been cleady resolved. sb-s'From Figure 7 , it is clear that adsorption of PSS indeed leads to a significant lowering of the surface tension. The surface pressure due to the adsorbed polymer is given by the difference in surface tension for the salt solutions with and without the polymer.
From the data in Figure 7 , the surface pressure due to PSS1150 approaches 6 dyn/cm at 3 M KC1. In Figure 8 , the surface tension data in Figure 7 are combined with the adsorbed amounts determined from the reflectivity to determine the relationship between surface pressure and adsorbed amount of PSS 1150. It must be remembered that salt concentration is the independent variable and varies along the abscissa in Figure 8 . The relationship in Figure 8 would be very difficult to obtain at the solid/liquid interface, and to our knowledge this is the first time such a relationship has been established. Combined with the confirmational information in Figures 1-3 , these data provide a strong test for theones of polyelectrolyte adsorption.
In summary, we 'have investigated the detailed segment profile for deuterated polystyrene sulfonate adsorbed to the air surface of dilute aqueous solutions by neutron reflectio~, Strong contrast from deuterium labeling allows the segment profile to be examined in detail over a range of adsorbed amount. In the limit of low salt concentration, the profile tends toward a conformation consisting of mainly a thin dense surface layer, i.e.
mostly trains with few segments extending into the subphase. At higher salt concentration, we find a bilayer profile with a thin layer of very high segment concentration at the air surface and a distinct second layer of much lower se=qent concentration which extends well into the subphase. The form of the second, extended layer is different for high and low molecular weight samples, where a parabola with an exponential tail is an adequate description for low N and a simple exponential decay is an adequate description for high N. 
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